
2.6 Constraining the CKMMatrix

2.6.1 Introduction

The study of particles containing the bottom quark

has provided valuable insights into the weak interac-

tions and QCD: e.g. the long lifetime of b hadrons,

the large mixing observed in the B0{ �B0 system, the

discovery of heavy quark symmetries and the util-

ity of heavy quark e�ective theories, the observation

of \penguin" decays. This is not surprising given

that the bottom quark is heavy and that its preferred

charged current coupling to the top quark occurs only

in virtual higher{order processes. The b hadrons pro-

vide a valuable laboratory in which to extract funda-

mental parameters of the Standard Model and test

its consistency and search for rare processes which

are sensitive to physics beyond the Standard Model.

Measurements with b hadrons can in principle be

used to extract information on 5 of the 9 elements

of the CKM matrix that relates the weak{interaction

and mass eigenstates of quarks. The CKM matrix

can be written as:

V =

0
@Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb

1
A (2.2)

or in the Wolfenstein [1] parameterization:
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given here to O(�4), where � = sin(�Cabibbo) and

the other three parameters A; �, and � encode the

remaining two weak mixing angles and the irreducible

complex phase that introduces CP violation.

Unitarity of the CKM matrix requires the relation-

ship

V �tbVtd + V �cbVcd + V �ubVud = 0; (2.4)

which can be displayed as a triangle in the complex

plane, as shown in Figure 2.56. The base of this

triangle has been rescaled by A�3 to be of unit length.

Also shown are the angles �, �, and  which lead to

CP violating e�ects (provided the triangle does not

collapse to a line) that can, in principle, be measured

with b hadrons.

The b physics goals for CDF II include:

Figure 2.56: The unitarity triangle indicating the
relationship between the CKM elements.

� An observation of CP violation in B0 ! J= K0
S

and a measurement of sin(2�) with a precision

comparable to e+e� machines

� An observation of CP violation in B0 ! �+��

and a measurement of sin(2�) to �0.10

� Determination of jVtd=Vtsj with a precision of

20% over the full range allowed by the Standard

Model

The copious production of b hadrons of several

species at the Tevatron o�ers the opportunity to pro-

vide measurements that will allow us to fully check

the consistency of the CKM picture. To take advan-

tage of the broad spectrum and high rate of produc-

tion of b hadrons at the Tevatron, the challenges of

triggering and event reconstruction in high energy p�p

collisions must be successfully met.

2.6.2 The current CDF b program

CDF has demonstrated the ability to mount a b

physics program exploiting the unique aspects of

hadron production. Approximately twenty papers

have been published (or are submitted and under

review) in PRL and PRD by CDF on the subject.

Many of the CDF results are highly competitive with

measurements from LEP or CLEO and some of them

are the best measurements from a single experiment.

These measurements include:
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� Individual b hadron masses (B+; B0; Bs;�b) [2,

3]

� Individual b hadron lifetimes (B+; B0; Bs;�b) [4,

5, 6]

� Polarization in B0 ! J= K�0 and Bs !
J= � [7]

� Search for Bc ! J= � [8]

� Searches for rare decays (B0; Bs ! �+��; B� !
��K�; B0 ! ��K�0; B0; Bs ! �e) [9]

There are other physics topics for which CDF has

preliminary results based on Run Ia data (� 20

pb�1). These ongoing analyses will also be competi-

tive with LEP and CESR with the full Run I data set

(� 110 pb�1) and include: a measurement of the Bd

mixing parameter xd, limits on the Bs mixing param-

eter xs, measurement of the ratio of branching ratios

for color{suppressed B meson decays, and a search

for Bc ! J= `�.

CDF has also carried out several studies of B and

quarkonium production and of b�b production corre-

lations [10, 11]. The QCD aspects of these results

have generated much interest. In addition, they pro-

vide the understanding of B production necessary for

studies of B decay.

The analyses carried out by CDF have shown that

the mass resolution obtained with the CTC coupled

with the vertex resolution obtained with the SVX al-

lows us to (a) isolate fully{reconstructed B decays

and (b) measure the lifetime of the decaying mesons.

Point (a) is illustrated in Figure 2.57 where the ob-

served signals for B� ! J= K� and B0 ! J= K�0

are displayed. These data samples are currently the

world's largest for these decay modes. Point (b) is

illustrated in Figure 2.58 where the lifetime distribu-

tion for exclusive B !  K modes is used to extract

the individual B� and B0 meson lifetimes.

In addition, we have gained considerable experi-

ence in measuring the B decay vertex in partially

reconstructed B semileptonic decays. For exam-

ple, we have used the decays B� ! `�D0�� and

B0 ! `�D�+�� to measure the lifetimes of the charged

and neutral B mesons. The D meson signals are dis-

played in Figure 2.59, and the corresponding B life-

time distributions are displayed in Figure 2.60. Note

that these measurements do not rely on the presence

of a J= in the �nal state for triggering or recon-

struction purposes. These results (and similar ones

shown later for Bs decays) demonstrate the ability

to measure B lifetimes in decays involving two sec-

ondary vertices (one due to the B decay and one due

to the D decay).

By combining our Run I results using exclusive de-

cays and semileptonic decays, we obtain a ratio of the

B+ to B0 lifetimes of 1:09� 0:05. Figure 2.61 graph-

ically compares CDF's results on b hadron lifetimes

with the combined results of the LEP experiments

(from the 1995 Lepton Photon Symposium).

Currently, CDF is unique in having a sample of

B ! J= KS events that can be tagged for a CP

asymmetry analysis. We are working on several avor

tagging methods and expect to apply these methods

to a �rst study of the CP asymmetry using the Run I

data.

2.6.3 CDF II strategy for b physics

The current generation of B experiments, CDF,

CLEO, LEP and SLD, are already making impor-

tant measurements and placing constraints on the

parameters of the CKM matrix. On the time scale of

Run II, there will be competition among many new

or upgraded experiments. CDF II will take advan-

tage of the broad spectrum of b hadrons produced at

the Tevatron which makes measurements withBs, Bc
and b baryons as well as with B0 and B+ possible.

Key elements of CDF that made the Run I high{

pT physics program (e.g. top and W ) so successful

include excellent tracking resolution, lepton identi-

�cation (including dE=dx), secondary{vertex recon-

struction and a exible and powerful trigger and data

acquisition system. These same elements are also the

foundation upon which a successful b physics program

has been built.

The strategy for CDF II is to build on our ex-

perience in Run I, to optimize the quality of infor-

mation in the central region while expanding cover-

age, and to exploit many additional b hadron decay

channels. The tracking upgrades (SVXII/ISL/COT)

are expected to improve the present mass resolution

while the 3D silicon tracker (SVXII) is expected to

improve the vertex �nding ability. The lepton and

tracking coverage will be increased (SVXII, ISL and

CMX/IMU). The dE=dx information from the COT

will be employed for particle identi�cation. In CDF II

we also plan to leave su�cient space at the outer di-

ameter of the tracking volume (COT) for a Time{of{

Flight system designed to provide forK=� separation

2-67



Figure 2.57: The invariant mass distributions for charged and neutral B mesons reconstructed via the decay
modes B+

! J= K+ and B0
! J= K�0 as observed by CDF.

Figure 2.58: The proper lifetime distributions for charged and neutral B mesons reconstructed via the exclusive
B !  K decay modes are shown in the upper plots. The lower plots display the background distributions for
the B sidebands.
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Figure 2.59: Charm signals reconstructed in association with a high-pT lepton.
(a): Signal for �B ! D0`���X;D0

! K��+ (+ c.c.)
(b): Signal for �B ! D�+`���X;D�+

! D0�+;D0
! K��+ (+ c.c.)

(c): Signal for �B ! D�+`���X;D�+
! D0�+;D0

! K��+���+ (+ c.c.)
(d): Signal for �B ! D�+`���X;D�+

! D0�+;D0
! K��+X (+ c.c.)

Mode (a) is dominated by B� decays and modes (b) { (d) by �B0 decays (�M is the mass di�erence between the
D0�+ and the D0). Shaded histograms show wrong{charge combinations (e.g., `�K+); in (a) these are scaled by
0.5 for display purposes.
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Figure 2.60: Distributions of pseudo-proper decay lengths for lepton + \D" signal samples (points). In all the
plots the �ts are shown for the signal (dashed line), background (dotted line) and sum (solid line). The four
decay channels are represented in (a) { (d) as in the previous �gure.
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B Lifetime Comparison

Lifetime / ps

B0                LEP 1.55 ± 0.06 ps

                CDF 1.52 ± 0.06 ps

B+                LEP 1.62 ± 0.06 ps

                CDF 1.66 ± 0.05 ps

Bs
0                LEP 1.57 ± 0.11 ps

                CDF 1.37 ± 0.14 ps

Λb                LEP 1.18 ± 0.07 ps

                CDF 1.32 ± 0.17 ps

Ratio

                LEP 1.04 ± 0.06

τ(B+)/τ(B0)

                CDF 1.09 ± 0.05

Figure 2.61: CDF and combined LEP (1995) re-
sults for b hadron lifetimes.

at low to moderate pT .

In addition, the high{rate capability of the up-

graded trigger/data acquisition system will enable us

to handle the high luminosity of the Main Injector

era while lowering thresholds and acquiring events in

many more channels. Of particular importance will

be the ability to form triggers based on track informa-

tion alone at Level 1 (XFT) and detect the presence

of tracks with displaced vertices at Level 2 (SVT).

Thus, the CDF II detector will provide for a com-

petitive b physics program that has unique features

and addresses a wide variety of topics of fundamental

importance. Below we discuss several speci�c topics:

� Observation of CP violation in B0 ! J= KS

� Observation of CP violation in B0 ! �+��

� Search for CP violation in Bs ! J= �

� Reconstruction of channels useful for measuring

the angle .

� Measurement of the ratio of CKM matrix ele-

ments jVtd=Vtsj

{ Bs mixing, ��s=�s

{ Radiative B decays

� Observation of the rare decays B0 ! ��K�0 and

B� ! ��K�

These topics are of high priority on our physics

menu and they highlight the needed capabilities of

the CDF II detector. With these capabilities we also

expect to be able to make signi�cant progress on sev-

eral other topics in b-quark physics, including the ob-

servation and study of Bc decays, and on measure-

ments of CKM matrix elements Vub and Vcb in ex-

clusive semileptonic decays of B meson and baryons

(e.g. B ! �`�).

2.6.4 CP Violation in the B system

2.6.4.1 CP Asymmetry in B0 ! J= KS

By far the most important goal of the CDF II B

physics program is the observation of CP violation

in the B system. The decay mode most frequently

discussed in the literature [12] is B0 ! J= KS. CP

violation would manifest itself as an asymmetry in

the partial decay rates of B0 and �B0 to the same �nal
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state, J= KS (a CP eigenstate). This will result in

an asymmetry:

ACP = (N � �N)=(N + �N) (2.5)

in the number of decays from B0 (N) and �B0 ( �N)

mesons. The asymmetry in the partial decay rates is

directly related to the angle � of the CKM unitary

triangle:

�(B0; �B0 ! J= KS) / e��t[1� sin(2�) sin(x�t)]

(2.6)

where x = �m=� is the ratio of the mass di�erence of

the heavy and light B meson states to the total decay

rate, also known as the mixing parameter, and t is

the decay time. The observed asymmetry Aobs
CP will

be smaller than ACP by a factor known as the \dilu-

tion" D; AobsCP = DACP . As discussed below the di-

lution receives contributions from the time evolution

of the B meson under study and from the method

used to tag the avor of the B meson at the time of

production.

CDF has already collected the world's largest sam-

ple of B0 ! J= KS decays: a preliminary analysis

of the full data sample accumulated in Run I (110

pb�1) results in 240 of these events, shown in Fig-

ure 2.62 with S=N better than 1 : 1. We obtained

this sample with a dimuon trigger that required both

muons to have transverse momentum (pT ) greater

than 2.0 GeV/c. For this analysis, we have not re-

quired that the events be in the SVX �ducial region,

although we used SVX information if available. Also

shown in Figure 2.62 is the same data sample with

the additional requirement that SVX track informa-

tion be available for the J= decay muons, demon-

strating an improvement in S=N within the limited

acceptance of the SVX. The improved capability and

increased coverage obtained with the SVX II should

result in a much improved signal to noise; in what

follows we have conservatively assumed S=N = 2 : 1.

Our goal for Run II is to improve the trigger e�-

ciency to the point that we reconstruct three to four

times as many B0 ! J= KS events per pb�1. We

expect to achieve this by lowering the pT threshold

to 1.5 GeV/c (made possible in Run II by having a

tracking trigger at Level 1), by using J= ! e+e� as

well as J= ! �+�� decays, and by improving the

coverage for lepton identi�cation.

The decrease of the muon threshold alone is ex-

pected to double the current �+��KS yield (events

Figure 2.63: J= ! e+e� signal from a test trig-
ger during Run I.

per pb�1). Including the acceptance gained by the

completion of the CMX detector, we then expect

� 10; 000 events for 2 fb�1 from the dimuon trig-

gers in the central region (j�j < 1, i.e. CMU and/or

CMX).

The inclusion of electrons was studied with some

tests of di{electron triggers during Run I. Figure 2.63

shows a reconstructed J= ! e+e� signal obtained

with a test trigger based on a 3 GeV/c electron pT
threshold. From these studies it is estimated that a

Level 2 trigger rate of 20 Hz could be achieved assum-

ing a 2 GeV/c threshold and the requisite improve-

ments for the CES electronics to cope with the lower

threshold and higher crossing frequency for Run II.

If possible we wish to use a 1.5 GeV/c threshold;

However, in the estimates of sensitivity which follow

we assume a 2 GeV/c threshold for electrons, for an

overall factor of three increase on the Run I B0 !
dilepton +KS yield.

There are also possibilities for further increasing

the number of reconstructed B0 ! J= KS events,

such as improving the coverage for lepton identi�ca-

tion beyond the central region. Some of them are

listed at the end of this section.

In what follows we will not take any such possible

improvements into account, but we investigate only

two scenarios, one in which we have only the dimuon

channel available for J= reconstruction (resulting

in 10,000 B0 ! J= KS events) and one in which the
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Figure 2.62: CDF's B0
! J= KS signal from Run I. For the plot on the right, SVX track information has been

required for muons from the J= . It is noted that the S=N improves to 2:3 : 1 without additional loss of signal
if the transverse decay length (Lxy) is required to be greater than zero.

di{electron channel is also available, resulting in the

total of 15,000 events.

To obtain the CP asymmetry we must tag the a-

vor of the B meson at the time at which it was pro-

duced. The avor tagging e�ciency is more uncertain

than the B0 ! J= KS yield. We are currently in-

vestigating several avor tagging methods. Work is

under way to use a combination of Run I data and

Monte Carlo to establish the \e�ective tagging e�-

ciency" for each possible method with the CDF II

detector con�guration. The \e�ective tagging e�-

ciency" is is de�ned to be �D2 for a avor tagging

method with e�ciency � and dilution D. The uncer-

tainty on the CP asymmetry, �ACP , is given by

(�ACP )
2 �

1

�D2N

S +B

S
(2.7)

where N is the total number of events prior to avor

tagging and N = S+B includes signal (S) and back-

ground (B) events (and we assume S=B = 2 : 1). The

dilution is de�ned as D = (NR �NW )=(NR +NW ),

where NR and NW are the number of events with

right and wrong tags respectively.

We currently have results for three avor tagging

methods (the e�ectiveness of these methods has been

demonstrated in our measurements of B0� �B0 mixing

as shown later):

1. Jet Charge [13], where the weighted sum of the

charge of tracks recoiling against a B meson

is used to determine the avor of the second b

hadron in the event

2. Lepton tagging [14], where a lepton from the sec-

ond b hadron in the event is used to tag its avor

3. Same-Side Tagging [15], where charge correla-

tions between the B meson and charged tracks

in its vicinity are used to identify the avor of

the B meson at the time of production [16].

The sum of the individual �D2 for these three al-

gorithms is � 3:4%, although correlations among the

avor tagging methods are expected to reduce the

combined e�ective tagging e�ciency. The study of

these correlations is in progress. A conservative es-

timate is that using the three algorithms together

results in a combined �D2 which is � 80% of the sum

of the individual �D2 for each algorithm.

Table 2.12 lists the tagging methods we expect to

exploit, the e�ective tagging e�ciency measured in
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Run I, and the elements of the CDF II detector up-

grade that impact these algorithms. The dilution ef-

fects due to mixing and mistags for the opposite{side

tagging algorithms are included in the values given

for �D2.

For Run II, we expect improvements in the total

�D2 from the following sources:

� An improvement is expected for lepton tagging

by extending the coverage beyond the central re-

gion, giving a total �D2 = 1:7% from lepton tag-

ging.

� The increased coverage of the SVX II, together

with its three-dimensional track reconstruction

capability, will result in a cleaner selection of

fragmentation tracks around the B meson. We

expect �D2 for Same Side Tagging to increase to

2%.

� A signi�cant improvement in �D2 is possible for

the Jet Charge algorithm. The extended cov-

erage of the SVX II and ISL and their added

pattern recognition capability will enhance sub-

stantially the purity of this algorithm. Monte

Carlo studies indicate that �D2 � 3% is possi-

ble.

� Further improvement in �D2 is expected if a

Time{of{Flight system is eventually installed.

In the current baseline detector design a TOF

system is not included; however, there are pro-

visions (i.e. empty space) for the installation

of such a system at some point in the future.

The main motivation for such an addition is the

added tagging e�ciency (�D2 � 3%) from using

the charge of kaons opposite to theB0 ! J= KS

decay.

The uncertainty expected on the measurement of

sin(2�) is given by

� sin(2�) �
1 + x2d
xd

1p
�D2N

s
S +B

S
(2.8)

where xd=(1 + x2d) = 0:47 accounts for the dilution

due to the time evolution of the signal B0 in a time{

integrated asymmetry measurement (for the time be-

ing we ignore the improvement a�orded by �tting the

time development of the asymmetry). The Run II

expectation based on the above yields and e�ective

tagging e�ciencies is listed in Table 2.13. The ef-

fective tagging e�ciency includes the 80% derating

for overlaps among the avor tagging algorithms em-

ployed.

We consider the estimate of � sin(2�) = 0:13 to be a

very conservative scenario which is essentially estab-

lished based on Run I data. In the optimistic scenario

with the inclusion of dielectron triggers, improved Jet

Charge avor tagging and a TOF system, we could

obtain a total �D2 = 7:8% yielding � sin(2�) = 0:076.

Finally, in addition to the above expectation of

15; 000 B0 ! J= KS events in 2 fb�1, the B0 !
J= KS yield can be increased by employing (a) the

increased tracking coverage and (b) new ways of trig-

gering using the SVT upgrade:

(a) The additional coverage of the IMU for the

dimuon trigger can increase the event yield by

about 30%. The acceptance forKS decays is also

expected to increase by using tracks at higher

pseudorapidity from the ISL.

(b) Simulations of the SVT indicate that it may

be possible to trigger requiring one lepton and

one additional track with large impact parame-

ter [17]. In the o�ine analysis, the second lepton

is found primarily using tracking information.

In summary, based on the results we have ob-

tained so far, we expect that the dimuon channel,

with the improved trigger and coverage, combined

with the tagging methods established already, will

yield � sin(2�) = 0:13. Standard Model predictions

for sin(2�) are sin(2�) > 0:17 [18] and sin(2�) =

0:65� 0:12 [19]. Thus, even in the most conservative

case, with � sin(2�) = 0:13, we will have a very in-

teresting measurement of sin(2�) that will probably

result in the observation of CP violation.

It is likely that we will do better than the conser-

vative case. The addition of the di{electron channel,

improved detector performance for Jet Charge avor

tagging and a TOF system would increase the accu-

racy to � sin(2�) = 0:076. This level of sensitivity

is similar to that which might be achieved after two

years of running at 1033 cm�2sec�1 at the B factories

by (appropriately) summing over several �nal states.

As we gain experience, additional triggering and re-

construction techniques may allow an even more pre-

cise measurement that will tightly constrain the pa-

rameters of the Standard Model.
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Tagging Method �D2 (%) �D2 (%) Relevant CDF II Upgrade

(measured) (expected)

Central Muon 0:6� 0:1 1.0 Complete CMX/Add IMU

Electron 0:3� 0:1 0.7 Plug calorimeter/ISL

Same-side pion 1:5� 0:4 2.0 SVX II/ISL

Jet Charge 1:0� 0:3 3.0 SVX II/ISL

Opposite-side Kaon 3.0 Time{of{Flight

Table 2.12: Flavor tagging methods currently under consideration, the e�ective tagging e�ciency, �D2, for algorithms
established with Run I data, the expected �D2 in Run II, and the list of detector upgrades that will improve �D2.

Scenario �D2 (%) N(J= KS) � sin(2�)

�+�� triggers; \measured" tags only 2:7 10,000 0.16

Improved lepton and same{side � tags 3:8 10,000 0.13

Add J= ! e+e� triggers 3:8 15,000 0.11

Improved Jet Charge tag 5:4 15,000 0.09

Add Time{of{Flight 7:8 15,000 0.076

Table 2.13: The expected uncertainty on the measurement of sin(2�) under di�erent assumptions on the total e�ective
tagging e�ciency and the number of J= KS events.

2.6.4.2 CP Asymmetry in B0 ! �+��

A measurement of sin(2�) in conjunction with

sin(2�) provides powerful constraints on the unitarity

triangle [20]. The greatest challenge in this measure-

ment is the trigger requirement at a luminosity of

1� 1032cm�2sec�1. Our plan (described in detail in

Reference [21]) consists of

Level 1: Requiring that two oppositely{charged

tracks be found with the XFT track processor

(capable of �nding tracks in the COT with pT >

1:5 GeV/c with �pT=p
2
T < 0:01 [GeV/c]�1). Im-

posing �� cuts on oppositely{charged 2 GeV/c

track pairs yields an expected Level 1 accept rate

of 16 kHz as measured using Run I data.

Level 2: Using the SVT processor (capable of ex-

trapolating the XFT tracks in the SVX II de-

tector and determining their impact parameter,

d, with resolution �d � 25�m). Demanding

d > 100 �m yields an expected Level 2 accept

rate of less than 20 Hz.

Level 3: Here the full event information is available.

We expect to be able to reduce the rate out of

Level 3 to about 1 Hz.

With these trigger requirements we expect � 5

B0 ! �+�� events per pb�1 for a yield of 10,000

events in 2 fb�1. Since these events must pass the

SVT requirement, they have a proper lifetime distri-

bution starting at � 1:5 lifetimes. After �tting the

time development, the dilution of the CP asymmetry

due to the time evolution of the signal B will be 0.82,

rather than the time averaged value, 0.47, which we

assumed for sin(2�).

To measure the CP asymmetry in B0 ! �+��

events one needs to extract the physics backgrounds

from B0 ! K�, Bs ! K� and Bs ! KK decays.

Figure 2.64 displays the expected mass distribution

for the combination of the above four signals, assum-

ing [21] all charged kaons to be pions, equal partial

rates for the four decay modes and a 3 : 1 production

ratio for B0 : Bs. The B
0 ! �� and B0 ! K� peaks

are separated by 40 MeV=c2. An initial simulation

of the upgraded detector indicates that the resolu-

tion at pT (B) � 6 GeV/c will be about 20 MeV=c2.

Note that the Bs ! KK peak lies directly under the

B0 ! �� peak and is not resolved by improved mass

resolution and thus particle ID will be required.

In order to extract the �� signal it will be essential

to make use of the dE=dx information provided by

the COT. With the CTC we achieve a one standard
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Figure 2.64: Mass distribution for the combination
B0
! �+��, B0

! K�, Bs ! K� and Bs ! KK

assuming all charged kaons to be pions. The as-
sumed mass resolution is �20 MeV/c2. (Note that
the vertical scale should be treated as arbitrary.)

deviation separation between the K and � signals for

momenta > 2 GeV/c. We expect the COT dE=dx

performance to be as good as that for the CTC and

perhaps better due to the increased number of sam-

ples and e�ciency for dE=dx hit usage. With dE=dx

information and the mass distribution we can sta-

tistically extract the B0 ! �� component from the

total invariant mass distribution. It is useful to point

out that this evaluation will be carried out with the

full sample, that is, before B avor tagging.

Another issue for this analysis is the combinato-

rial background under the B peak. Although in the

Run I data we expect only a fraction of a signal event,

we can estimate the background level for the CDF II

detector using inclusive electron data. Using stan-

dard cuts on the decay vertex and the isolation of the

two-track combination, we obtain an observed back-

ground N comparable to the expected signal S for

pT > 4 GeV/c on each track: S=N � 1 : 1. Lowering

the pT threshold to 2 GeV/c will allow us to double

our e�ciency. We expect to do this with the CDF II

detector while maintaining S=N better than 1 : 1 by

exploiting the 3D information from the SVX II and

optimizing cuts.

The �nal issue related to the extraction of the an-

gle � from the measured CP asymmetry in B0 ! ��

is the extraction of possible penguin contributions

in addition to the tree diagram which is expected

to dominate this decay mode. We can estimate this

penguin contamination, and thus extract �, from a

combination of experimental measurements and the-

oretical inputs. A detailed analysis can be found in

reference [22]. Assuming a avor-tagging e�ciency

(�D2) of 7:8% as in the J= KS case, and a conserva-

tive S=N = 1=4, we expect an overall uncertainty on

sin(2�) of 0.10.

2.6.4.3 CP Asymmetry in Bs ! J= �

While the CP asymmetry in B0 ! J= KS measures

the weak phase of the CKM matrix element Vtd, the

CP asymmetry in Bs ! J= � measures the weak

phase of the CKM matrix element Vts. The latter

asymmetry is expected to be very small in the Stan-

dard Model, but in the context of testing the Stan-

dard Model has the same fundamental importance as

measuring the more familiar CP asymmetries. This

measurement is most accessible, if not unique, to ex-

periments at a hadron collider.

Our Run IBs mass analysis indicates that our yield

of reconstructed Bs ! J= � events is 60% that of

B0 ! J= KS (see Figure 2.65). Since the modest

trigger improvements for B0 ! J= KS (� 15; 000

events) apply equally to Bs ! J= �, we can expect

� 9000 events for this decay mode in Run II.

The avor tagging techniques described for the B0

case apply to the Bs with one exception: The frag-

mentation track correlated with the Bs meson is a

kaon instead of a pion. A PYTHIA study indicates

that a Time{of{Flight system, by identifying kaons,

would allow us to increase the e�ciency of the same-

side kaon algorithm from 2% to 5% [23]. In this

case we could assume a total avor tagging e�ciency

(�D2) for Bs mesons of � 10%.

The magnitude of a CP asymmetry in Bs ! J= �

decays will be modulated by the frequency of Bs os-

cillations. Thus, for a meaningful limit, we must be

able to resolve Bs oscillations. If we neglect (c�) reso-

lution e�ects, we can expect a precision on the asym-

metry of �0:09 from a time dependent measurement.

However, resolution e�ects smear the oscillations and

produce an additional dilution. For our Run I data,

if we determine the primary vertex event-by-event,

the proper lifetime resolution for fully reconstructed

B decays is � 30�m [24]. We expect that the proper

lifetime resolution for the SVX II will be � 10% bet-
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Figure 2.65: Left: The reconstructed mass distribution for Bs ! J= � decays. SVX track information has been
required for the muons from the J= . Right: The uncertainty on the CP asymmetry for Bs ! J= � as a function
of the Bs mixing parameter xs.

ter than that for the Run I detector [25]. Figure 2.65

shows our expected precision on the asymmetry as a

function of xs.

2.6.4.4 Feasibility of measuring 

Measuring the third angle, , in the unitarity triangle

completes the test of the unitarity of the CKM ma-

trix. The angle  can be probed via the decays [26]

1. B0
s ! D�

s K
+ and D+

s K
�

2. B+ ! �D0K+, B+ ! D0K+, and

B+ ! D0
CP+K

+

where DCP+ refers to the CP even state (jD0i +
j �D0i)=

p
2.

These decay modes have been considered in Refer-

ence [27]. As with the B0 ! �+�� decay mode, these

analyses depend on an all{hadronic decay mode trig-

ger (i.e. charged tracks). Assuming a Level 1 trigger

of two tracks with opposite charge and pT > 2 GeV/c,

and a Level 2 trigger cut of 100 �m on the impact

parameter, we expect an overall e�ciency times ac-

ceptance of � 3 � 10�4 for the Bs and B� decay

modes above.

Unfortunately, the decay modes B0
s ! D�

s K
+ and

D+
s K

� require a time-dependent analysis and there-

fore their utility depends on the Bs mixing param-

eter, xs. Moreover, the results in Reference [27] in-

dicate that a very small tagged signal is expected.

However, if ��=� for the Bs is large enough and

can be measured independently,  can be extracted

by measuring the relative fraction of the two lifetime

components in the untagged DsK sample. [28] Also,

it has been recently noted [29] that a determination of

the CKM angle  may be obtained through measure-

ments of the time evolution of angular distributions

for Bs decays into �nal states which are CP admix-

tures.

The charged B modes are very interesting since the

observation of an asymmetry between B+ and B�

would indicate the presence of direct CP violation.

Experimentally, measurement of the asymmetry in-

volves only time{integrated quantities; these decays

are self{tagging. The uncertainty on the observed

CP asymmetry is now a function of (a) the angle 

and (b) the strong phase di�erence, �. In the most

favorable case,  = �=2 and � = �=2. Then the CP

asymmetry, ACP , and the uncertainty on it, �ACP ,

are ACP = 0:2 and �ACP = 0:05 respectively. The

detailed discussion of the uncertainty on ACP is con-

tained in [27].
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2.6.5 Determination of jVtd=Vtsj

Within the CKM model, jVtd=Vtsj is constrained at

95% con�dence level to lie in the range [18]:

0:11 �
����VtdVts

���� � 0:36 (2.9)

Experiments operating on the �(4S) can deter-

mine jVtd=Vtsj by measuring the ratio of decay rates of

radiative B decays B(B ! �)=B(B ! K�) [30].

However, recent studies [31] have shown that such

decays have potentially large long-distance contribu-

tions, making extraction of jVtd
Vts
j di�cult.

In contrast, experiments at hadron colliders can

also use Bs mesons, which are amply produced, and

determine jVtd=Vtsj using several independent tech-

niques, including some with quite small theoretical

uncertainties as discussed below. Combining these

techniques, CDF II should, with 2 fb�1 of data, not

only be able to constrain jVtd=Vtsj, but also measure
its value over the full range permitted by the Stan-

dard Model.

2.6.5.1 Bs Mixing

Mixing in the B system has been discussed exten-

sively in the literature [18]. In the Standard Model,

BB oscillations occur dominantly through top quark

contributions to the electroweak box diagram. The

size of the mixing is expressed in terms of the pa-

rameter x � �m=� where �m is the di�erence in

mass between the heavy and lightB meson states and

� = �h=� where � is the average lifetime of the states.

The value of x depends on the top quark mass, the B

decay constant, the QCD bag parameter and correc-

tions due to the breaking of SU(3) avor symmetry.

Theoretical uncertainties in the determination of the

CKM parameters can be greatly reduced by consid-

ering the ratio of xs to xd:

xs

xd
=

(mBs
�Bs

BBs
f2Bs

)

(mBd
�Bd

BBd
f2Bd

)

����VtsVtd
����2 (2.10)

where �Bi
are QCD corrections of order 1 (i = d; s),

BBi
are B meson bag parameters, and fBi

are B

meson weak decay constants.

In the limit of SU(3) symmetry, the factors in front

of the ratio of CKM elements would be unity. Lattice

Gauge theory determines the value of these factors to

be 1:3� 0:2 [32]. Since xd=xs depends on jVtdVts
j2, the

theoretical uncertainty on jVtd=Vtsj is � 10%.

Because xs is large, it must be determined by �t-

ting the time-dependent oscillation

Prob(Bs ! Bs) =
1

2
e�t=� (1� cos(xst=�)) : (2.11)

The quality of the measurement depends upon the

experimental proper decay time resolution and the

ability to tag the avor of the B at production time.

CDF has already performed measurements of xd (see

Figures 2.66 and 2.67) [33]. Because Bs oscillations

are rapid, an xs measurement will place stringent de-

mands on the experiment's ability to determine the

proper time of the decay.

Vertex �nding requirements for the xs measure-

ment are discussed in detail in Reference [34]. In

general, the proper time resolution can be parame-

terized in terms of two constants

�t =
p
a2 + b2t2 (2.12)

Here a is determined from the resolution on the pri-

mary and secondary vertex positions and b depends

on the accuracy with which the momentum of the

Bs is known. The decay time t and its uncertainty

�t are measured in units of proper time, relative to

the Bs lifetime. The values of a and b depend upon

the decay mode under consideration. In general, the

resolution is signi�cantly worse for semileptonic de-

cays (Bs ! Ds`�) than for fully{reconstructed events

(Bs ! Ds+n�). The number of semileptonic decays

is, however, signi�cantly larger. The xs reach of both

decay modes has been studied [35].

CDF already has experience analysing semilep-

tonic Bs decays. In the Run I data [36], 254 � 21

Bs ! Ds`� events were reconstructed and a Bs life-

time measurement of 1:37 � 0:13 � 0:04 ps was ob-

tained (see Figure 2.68). For Run II, triggering and

reconstruction of this channel with very high statis-

tics is straightforward. Our xs reach will be limited

by our proper lifetime resolution. Simulation studies

of the SVX II detector [25] have determined that for

semileptonic decays a = 0:11 and b = 0:15. This res-

olution limits the measurement to values of xs less

than about 15.

For fully{reconstructed decays a = 0:06 and b =

0:03 [37]. This value of a is based on our Run I

proper lifetime resolution using fully reconstructed

B events for which we determine the primary vertex

event by event. Figure 2.69 shows that with su�-

cient statistics (the �gure contains 2000 fully recon-

structed events with perfect tagging) oscillations can
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Figure 2.66: Two studies of B0
�

�B0 mixing performed by CDF using di�erent dilepton triggers. Results of
a �t to the like-sign fraction vs proper lifetime are shown on the left for a Run Ia sample (20 pb�1) collected
using a dimuon trigger and on the right for a combined Run Ia and Run Ib sample (110 pb�1) collected with
an electron-muon trigger. In both cases, one lepton was associated with a secondary vertex and the other lepton
served as a avor tag. For these �ts, maximal Bs mixing is assumed.

still be clearly resolved in the SVX II for xs = 20. In

practice, the ultimate xs reach for fully reconstructed

decays will depend on the number of decays available

in the channel rather than on the proper lifetime res-

olution. The challenge for CDF II is to trigger on,

and isolate from background, signals of this type.

One trigger strategy is to trigger on a single lep-

ton (e or �), which will serve as the avor tag, and

then reconstruct Bs decays in this sample [34]. For

a 6 GeV lepton threshold in Run II, and using selec-

tion criteria similar to those commonly used in Run I

analyses, the expected yield is low, � 250 events.

However, it is likely that the lepton trigger threshold

could be lower with some of the decay products of the

Bs included in the trigger requirement as well. We

note that the presence of a Time{of{Flight system in

CDF II could signi�cantly improve the reconstruction

purity by allowing e�cient selection of kaons and re-

jection of pions at low PT , where the backgrounds

are largest.

A promising strategy is to use a fully hadronic

trigger, in which case all tagging techniques may be

applied. In fact, the Level 1 and Level 2 triggers

designed for B ! �+�� will also provide good ac-

ceptance for the decay products of the Bs. Using

the same assumptions as for Bd ! �+��, we ex-

pect a yield of more than 1600 fully reconstructed

and tagged Bs decays. We show in Figure 2.69 the

resulting precision on xs as a function of xs.

2.6.5.2 ��s=�s

The calculation of xs depends upon the evaluation

of the real part of the mass matrix element. The

imaginary part of the same matrix describes the de-

cay widths of the two mass eigenstates BH
s and BL

s .

Within the Standard Model it is possible to calculate

the ratio ��Bs
=�mBs

[38]:

��Bs
=�mBs

= �
3

2
�
m2
b

m2
t

�
��Bs
QCD

�
�mBs

QCD

(2.13)

where the ratio of the QCD correction factors (�)

in the numerator and denominator is expected to be

of order unity [39]. This ratio does not depend on

CKM parameters. Thus, a measurement of ��Bs
de-

termines �mBs
up to QCD uncertainties. Moreover,

the larger �mBs
becomes the larger ��Bs

is. Thus,
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Figure 2.67: Two studies of B0
�

�B0 mixing performed by CDF using lepton triggers and di�erent tagging
strategies. Left: The b�b same sign fraction as a function of proper time for events from the Run Ib inclusive
electron and muon triggers. The trigger lepton is associated with a secondary vertex which gives the proper
time. An additional soft lepton or the jet charge of an opposite side jet is used for a avor tag. The dashed
histogram represents the result of an unbinned likelihood �t for �md. Right: Measurement of the asymmetry
(NR � NW )=(NR + NW ) as a function of proper time for charged B (upper plot) and neutral B (lower plot)
mesons reconstructed from a single lepton trigger sample and avor tagged using a same-side pion tag. Here, the
charge of the B meson is determined by reconstructing the D0 or D�+ meson from the semileptonic decay. A
clear mixing signal is present for the neutral B while no mixing is observed for charged B mesons.
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as it becomes more di�cult to measure xs, �� be-

comes more accessible. Using the above expression,

Browder et al. [39] show that if xs = 15, a 7% dif-

ference in lifetime is expected.2 They estimate that

the uncertainties in calculating ��=�m contribute

an uncertainty of � 30% on jVtd=Vtsj2 (i.e. a 15%

uncertainty on jVtd=Vtsj). This contribution to the

theoretical uncertainty should be added in quadra-

ture to the 10% uncertainty discussed in the previous

section, for a total uncertainty of � 20%.

Several techniques can be used to determine

��Bs
[40]. First, the proper time distribution of a

avor-speci�c Bs mode (e.g. Bs ! Ds`�) can be �t

to the sum of two exponentials. Second, the average

lifetime of such a avor speci�c mode can be com-

pared to the lifetime of a mode that is dominated by

a single CP state (it is expected that Bs ! J= �

will be such a mode) [41]. Finally, a decay such

as Bs ! J= � can be decomposed into its two CP

components (via a transversity analysis [42]) and �t

for a separate lifetime for each component. It is

noted that CDF has measured the helicity struc-

ture of the decays B ! J= K� and Bs ! J= �

2This large ��Bs
is possible because there are large branch-

ing fraction common decay modes available to the Bs and Bs

(e.g. D
(�)+
s D

(�)�
s ).

using Run Ia data [7]. The results obtained are

�L=� = 0:65 � 0:10 � 0:04 for B ! J= K� and

�L=� = 0:56� 0:21� 0:03 for Bs ! J= �.

The statistical uncertainty on the Bs lifetime from

semileptonic B decays in Run II will be below 1%.

The Run II expectation, including only the mod-

est set of trigger improvements described in sec-

tion 2.6.4.1, is for � 9000 Bs ! J= � events. The

Bs ! J= � helicity structure should then be known

to about 1% 3. Using the current CDF number for

the Bs ! J= � helicity structure, with 2 fb�1, the

lifetime di�erence could be determined to 2 � 3%.

Including current theoretical uncertainties of 20%,

this determination of ��Bs
would either measure

jVtd=Vtsj or set an upper bound on xs � 15. Thus, us-

ing the direct xs measurement and ��s=�s, CDF II

should be able to measure jVtd=Vtsj over the full range
permitted by the Standard Model in Run II.

It is important to note that the discussion of Bs
mixing (and CP violation) has been in the context of

the three generation Standard Model. New physics

3The systematic uncertainties in the polarization measure-

ments are dominated by the estimate of the size and helicity

of the background under the B mass peak. These systematic

uncertainties should scale with the square root of the number

of events in the sample.
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associated with large mass scales can also reveal itself

through a study of the mass and width di�erences for

the neutral B mesons [43].

2.6.5.3 Radiative B Decays

In the absence of long distance e�ects, radiative B

decays provide an alternative approach for measuring

jVtd=Vtsj.

B(B� ! ��)

B(B� ! K��)
=

B(B0 ! �0) + B(B0 ! !)

B(B0 ! K�0)

=

����VtdVts
����2 �


where 
 is a phase space correction and � is a model

dependent factor in the range 0.58 - 0.81 [30]. The

relative rates for �0 and ! decays are equal in the

quark model. Based upon a 2 fb�1 sample containing

13 K� candidates (with an estimated background

of 1.9) and 2 � + ! candidates (with an estimated

background of 4.1), CLEO has used this technique

to set a bound on jVtd=Vtsj in the range 0.64 - 0.76,

depending upon theoretical model [44].

CDF has already installed a trigger to collect radia-

tive penguin decays (see Reference [45] for details).

The limited bandwidth available of the Run I trigger

and data acquisition system required the trigger to

have quite high thresholds (10 GeV photon plus two

2 GeV tracks). The expected yield with this trigger

is � 20 K� events per 100 pb�1. In Run II, we ex-

pect to lower the photon Et threshold to 5 GeV and

the track Pt threshold to 1.5 GeV, with a resulting

yield of � 135 events per 100 pb�1 or � 2700 for 2

fb�1.

The mass resolution of the reconstructed B is dom-

inated by the resolution on the photon energy and is

� 140 MeV. We have studied our ability to reject

combinatorial background using Run Ia photon data

and have studied with Monte Carlo the discrimina-

tion againstB ! K��0 and ��0 and higher multiplic-

ity penguin decays [45]. These backgrounds are man-

ageable. However, the o�ine cuts to remove back-

ground are expected to reduce the signal by about

a factor of 2. The mass resolution is not adequate

to separate � from K� on an event-by-event basis;

however, a statistical separation is possible. In addi-

tion, the COT dE=dx system should provide 1� K-�

separation in the momentum range of interest.

These radiative B decays can also be observed us-

ing converted photons. The probability for a photon

to convert (� 5%) will be o�set by a lower photon

Et threshold. Also, the mass resolution is � 5 times

better than for the signals with unconverted photons

and the =�0 separation is �20 times better, allowing

a cleaner separation between B ! K� and B ! �.

At the Tevatron it is possible to study Bs penguin

decays as well. Information on jVtd=Vtsj can be ob-

tained in the same manner as above from studying

the ratio of B(Bs ! K�)=B(Bs ! �). The size

of the Bs penguin sample is expected to be 1/2 to

1/3 the size of the Bd sample. Comparison of the

two results would help constrain the size of the long

distance contributions to the decays.

2.6.6 Bc and Cabibbo suppressed decays

CDF II will continue to search for and study addi-

tional b hadron states. Figure 2.70 shows the CDF

limit on Bc production and decay to J= �. The

study of this q�q systemwould be particularly interest-

ing because of the unequal heavy quark masses [46].

We also note that the decay B+ ! J= �+ is a

Cabibbo and color suppressed decay which may ex-

hibit a direct CP violating e�ect at the few percent

level [47]. The mode is self{tagging and no time

dependence is required. Any non{vanishing e�ect

would immediately exclude the superweak model of

CP violation. In Run II, extrapolating from the � 30

events observed, we expect about a 3% error on the

asymmetry.

2.6.7 Rare B decays

Rare B decays provide a stringent test of the Stan-

dard Model for possible new physics e�ects, such as

an anomalous magnetic moment of the W and the

presence of a charged Higgs. Experimentally, these

rare decays are accessible via the dimuon trigger. Us-

ing these triggers, CDF has performed a search for

the decay modes B� ! �+��K�; B0 ! �+��K�0

and Bd;s ! �+��. The Standard Model predic-

tions [48] for the branching ratio for these decay

modes, together with the expected sensitivity for

CDF II, are listed in Table 2.14. The projections

for B� ! �+��K� and B0 ! �+��K�0 conserva-

tively assume the same signal-to-noise (� 1 : 10) as

obtained for the Run Ia searches. We expect that a

CDF II analysis will bene�t from a much improved

signal-to-noise.

Assuming Standard Model branching ratios for

B+ ! �+��K+ and B0 ! �+��K�0, we will have
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~ 110 pb-1 Data

Figure 2.70: On the left: Limit from Run I on the ratio of production and decay of Bc ! J= � vs. B+
! J= �+

as a function of lifetime. On the right: the signal for B+
! J= �+ is seen as an enhancement in the J= �

distribution at the upper edge of the J= K contribution which dominates the lower edge of the plot.

B Decay Mode Standard Model CDF Run I CDF II

�+��K+ (2 { 5)�10�7 1:0� 10�5(20 pb�1) 2� 10�7

�+��K�0 (2 { 5)�10�6 2:5� 10�5(20 pb�1) 4� 10�7

Bd ! �+�� (0.6 { 1.9) �10�10 2:6� 10�7 (110 pb�1) 1� 10�8

Bs ! �+�� (1.5 { 4.5)�10�9 7:7� 10�7 (110 pb�1) 4� 10�8

Table 2.14: Rare B decay modes, Standard Model predictions for their branching ratios, 90% limits set with Run I
CDF data and the expected sensitivity (90% CL) for CDF II.
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visible signals for these decays. In particular, we ex-

pect � 100 to 300 B+ ! �+��K+ and � 400 to

1100 B0 ! �+��K�0 events. This will enable us to

study both (a) the invariant mass distribution of the

dimuon pair and (b) the forward-backward charge

asymmetry in the decay. Both of these distributions

are sensitive to physics beyond the Standard Model,

e.g. the presence of a charged Higgs or charginos [49],

[50],[51].

2.6.8 Concluding remarks

From the previous discussion it should be clear that

CDF II plans to fully exploit the copious production

of b hadrons in all of the species produced at the

Tevatron. We believe we will have a complete and

competitive program, with unique strengths for ex-

ample in rare decays and Bs physics.

With the experience gained so far in the analyses

of Run I data and the planned capabilities of the

CDF II detector we are able to con�dently project

our expectations for Run II which include:

� Observation of CP violation in B0 ! J= K0
S

and measurement of sin(2�) to better than

�0.13.

� Observation of CP violation in B0 ! �+�� and

measurement of sin(2�) to better than �0.14.

� Determination of jVtd=Vtsj with a precision of

20% over the full range allowed by the Standard

Model

� Observation of the rare decays B0 ! ��K�0 and

B� ! ��K�

With these and other measurements that we will

pursue with b hadrons with CDF II, we expect to

impose severe constraints on the Standard Model of

weak quark mixing and CP violation and be very

sensitive to new physics.
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